The study of hepatic haemodynamics is of importance in understanding both hepatic physiology and disease processes as well as assessing the effects of portosystemic shunting and liver transplantation. The liver has the most complicated circulation of any organ and many physiological and pathological processes can affect it1'2. This review surveys the methods available for assessing liver blood flow, examines the different parameters being measured and outlines problems of applicability and interpretation for each technique.
Electromagnetic ltowmeter
The measurement of blood flow by electromagnetic induction was first suggested by Fabre and the principle of the technique is based on Faraday's law of electromagnetic induction. If a magnetic field is applied across a vessel in which blood is flowing then an electric field is induced at right angles both to the induced magnetic field and the flow vector4'5. The electrical field is detected along its axis from the potential difference across the outside of the vessel. This potential is primarily determined by the velocity of the flowing blood within the vessel. Accuracy demands attention to detail and proper calibration 6'7 using a pump and saline solution. There is no way of checking calibration in vivo except vessel clamping for zero flow. Interference from other electrical instruments also minimise the accuracy of the technique8.
In practice the method involves the placement of the device around the vessel to be assessed. For a good signal, close contact is essential. Drapanas, et al 9 and Price et al. 1 compared electromagnetic flowmetry with the bromsulphalein clearance method 11 for measuring hepatic arterial and portal vein flow in the dog and found a good correlation between the two methods. Because of the invasive nature of the technique, it is more applicable to animal studies and on patients at the time of surgery. These devices are, however, still regarded as the "gold standard" against which all other methods of measuring flow must be compared. They are able to measure instantaneous and mean blood flow in an exposed vessel. They can detect forward and reverse flow and the temporal resolution is fast enough for flow to be studied during the cardiac cycle. Other advantages of the method are its insensitivity to changes in blood temperature and viscosity. X-Ray angiography Angiography, or radiographic imaging of blood vessels, has a well established role in the diagnosis of liver disease and portal hypertension and is widely used in clinical practice for obtaining high quality vessel images27. As well as anatomical information, however, information on blood flow is also potentially available.
The techniques available for measuring flow using angiography are based on one of two principles. The first approach uses the principle that when an indicator is injected at constant rate into a blood vessel, the degree of dilution is proportional to blood flow, and the concentration in blood after mixing will be lower with higher flow and vice versa28. The main problem with this technique is accurate densitometric calibration. The second technique involves the measurement of the time taken for the passage of a bolus of contrast material between two sites but unfortunately precise timing of the passage of a dispersing bolus is often difficult to achieve29. In a new approach to this problem flow is determined by computer analysis of contrast concentration profiles as a function of time and distance along a vessel segment29'3. Another solution has been to assess relative flow by using two injections and measuring superior mesenteric, hepatic and splenic arterial flow relative to cardiac output31'32.
The measurement of liver blood flow by angiographic techniques has largely been limited to hepatic arterial studies because catheter access to the portal system is not a routine procedure. Indirect portography, where contrast is injected into either the superior mesenteric artery or coeliac artery and imaged as it passes out into the portal system results in generally poor images unsuitable for flow analysis. Following direct insertion of a catheter into the portal system, Sovak et al. 33 used a computer to calculate the displacement of lipoidal droplets per frame. The average velocity ranged from 15.5 to 24.4 cm/sec in 6 normal patients and decreased during inspiration. Recently Iwanaga et al. 34 used this method 35 as a "gold standard" to test the validity of a Doppler duplex system for measuring portal blood flow in 10 patients with liver disease and found a significant correlation (r=0.970) between the maximum portal blood flow velocity by duplex ultrasound and the mean velocity calculated from cineangiographic methods.
Although it requires vascular catheterisation X-ray angiography is still the modality of choice for critical morphological vascular studies. That X-ray angiography has not been widely used for measuring blood flow is due in part, we 
where, 1-I is rate of removal of the dye from the circulation by the liver in mg/min, Ca(t) and Cv(t) are the dye concentrations in mg/ml of the blood entering and leaving the liver respectively, leading to LPF measured in ml/min. LPF can be converted into liver blood flow if the value for the haematocrit is known.
The first dye used was bromsulphalein 5 but indocyanine green is now used more commonly as it is more specifically extracted by the liver51. The first measurements made using this substance employed the constant infusion method but Caesar et al. 51 have shown that analysis of plasma disappearance curves after a bolus injection gives nearly identical results. Hepatic extraction is usually measured by hepatic vein sampling, however, a method requiring only peripheral vein sampling and utilising pharmacokinetic modelling has been described and validated in normal subjects52. This method has, however, been criticised when applied to patients after liver transplantation 53 and it may be unreliable in patients with liver disease54.
Pirttiaho et al. 5 However, the background scatter of tracer and the affinity to fat which many tracers have, makes the measurements difficult to evaluate. Colloids also have a range of particle sizes and hence a range of values of extraction efficiency.
METHODS MEASURING TISSUE PERFUSION
Radioactive Microspheres If a bolus of tracer is well mixed in the afferent blood supplying an organ, then it will be distributed to different parts of the organ in exactly the same way as the blood which is transporting it. This is called the indicator fractionation principle. This principle has been used to quantify regional blood flow distribution using radio-labelled particles, diffusible indicators and autoradiography73 '74. Microspheres are chosen to be of a size (10- 77 , using a hydrogen electrode applied to the surface of porcine liver, found that calculated liver blood flow measurements using this method gave much lower values than those obtained using the indocyanine green clearance method and in addition flow fell by over 90% if the hepatic artery was ligated. They concluded from these experiments that the surface of the liver is mainly supplied from the arterial system. Nishiwaki et al. 93 used the hydrogen clearance method and transit-time ultrasonic blood flowmetry to investigate blood flow after liver transplantation in 40 mongrel dogs and found reductions in both hepatic arterial and portal venous flow after transplantation.
The advantages of this method are that it can provide unlimited measurements of liver blood flow without significant alteration in physiological variables. There is no evidence that the administration of the hydrogen itself significantly alters flow. Despite this, most investigators have not used the technique, mainly due to concern over the inflammability and explosiveness of pure hydrogen gas. In addition the method is not continuous, cannot handle rapit changes of flow and may reflect arterial rather than venous inflow77. It may also be inaccurate if the liver is not homogenously perfused.
Oxygen Electrode An oxygen electrode consists of a noble metal cathode maintained at a negative potential with respect to a reference electrode. It is placed on the surface of the organ to be studied and oxygen diffusing from the tissue to the cathode surface is reduced when the potential is applied, giving rise to a current94. A naked electrode is subject to "poisoning" by electrophoretic deposition of tissue protein on its surface but this can be prevented by covering the.electrode with a gas-permeable membrane95. When the oxygen consumption of the electrode is low, tissue oxygen is not disturbed and so a direct measurement of the partial pressure (pO2) is obtained96. However, if the oxygen consumption of the electrode is high the electrode will measure the rate of supply of oxygen to the tissue and this is dependent on local blood flow97'98. 
